The association between grass pollen sensitization and food allergy to tomato is of great interest. We report here, the first such study in Indian population.
Introduction
Allergic rhinitis is an inflammation of the mucous membranes that occurs when allergens to which the patient is previously sensitized, come in contact with the lining of the nose. It is characterized by sneezing, congestion, itching and runny nose, and itchy, watery eyes. The common allergens causing allergic rhinitis are house dust, pollens from weeds, grasses and trees, fungi and mold spores, animal dander and some foods. Seasonal allergic rhinitis (SAR; hay fever) affects 70 million people around the globe (1, 2) . It is the most common allergic disease encountered in the clinics and constitutes ~55% of all allergies seen in India (3) . People who suffer from perennial rhinitis have symptoms year round, usually triggered by dust mites and cockroach droppings, indoor molds, and/or animal dander (1) (2) (3) . Asthma is a chronic inflammatory disease of the airways associated with recurrent episodes of bronchoconstriction and increased bronchial hyper-responsiveness (3, 4) . In susceptible individuals, this inflammation causes recurrent bouts of wheezing, chest tightness, and cough; those with asthma often have atopy as a significant predisposing factor. Nearly 80% of all asthmatics also have allergies and their symptoms are triggered by specific allergens. Asthma is known to commonly co-occur with allergic rhinitis (1) (2) (3) (4) . The association between respiratory allergies and food allergy has been established (5) (6) (7) (8) . Complex food allergy syndromes sensitization and food allergy to tomato fruit is known, and the heat-labile cross-reactive allergen profilin has been implicated in such cases. Until now, studies have not been reported from India with respect to tomato allergy in pollen-allergic patients, and the importance of profilin. The present study was undertaken to investigate the spectrum of cross-allergenicity between tomato and grass pollen among allergic rhinitis / asthma patients, and to assess whether tomato profilin is a cross-reactive allergen in a representative population from Mysuru city in South India.
Materials and methods

Reagents and allergenic extracts
Poly-(L-proline) (average mol. wt. 5000 Da; PLP), urea, DMSO (dimethyl sulfoxide), phenylmethanesulfonyl fluoride (PMSF) and trifluoroacetic acid (TFA) were products of Sigma-Aldrich Chemical Co., St Louis, MO, USA. Sepharose-4B was obtained from Pharmacia, Uppsala, Sweden. Cyanogen bromide (CNBr) was a product of Sisco Research Laboratories, Mumbai, India. Grass pollen mix extracts were obtained from Bayer Corp., Spokane, WA, USA and Greer Laboratories, Lenoir, NC, USA. Southern grass pollen mix (#1651, Bayer Corp.) contained pollens from Bermuda, Johnson, Kentucky blue, Orchard, Redtop, sweet Vernal, and timothy grasses. Grass pollen mix (#P28, Greer Laboratories) contained pollens from Bermuda, Johnson, Kentucky blue, Orchard, Redtop, Timothy, sweet Vernal meadow, fescue, and perennial rye grasses. All other chemicals and reagents were of analytical grade.
Preparation of tomato extract
A 50% w/v tomato extract was prepared by blending ripe tomato fruits in a blender using cold phosphate-buffered saline (PBS), and filtering the extract to obtain a clear filtrate. The filtrate thus obtained was dialyzed against PBS using 3500 MWCO dialysis membrane, sterile filtered, and used for SPT. For the purification of profilin, tomato extract was prepared in 10 mM Tris-HCl buffer, pH 7.8 containing 0.1 M KCl, 0.1 M glycine, 0.2 mM PMSF, 0.5 mM dithiothreitol, and 0.2% sodium azide (buffer A). Protein content was determined by the method of Bradford (31) .
Allergic subjects and case history
Subjects diagnosed as having allergic rhinitis or bronchial asthma or both, based on diagnostic tests amongst the incoming subjects at the Allergy, Asthma and Chest Centre, Mysuru and at the 'Asthma and Allergy' medical camps conducted by the center in and around Mysore city (over a period of 2 calendar years) were enrolled in this study. involving allergy to fresh fruits / vegetables and sensitization to inhalant pollen allergens are commonly encountered in allergy clinics, sometimes extending over a range of botanically unrelated plant species (9) (10) (11) . Typically, these patients experience itchy mouth, tongue (oropharyngeal pruritus), and glottic edema, commonly recognized as pollen-food allergy syndrome or oral allergy syndrome (OAS) (12) ; it has been shown that ~2-4% of European adults experience this syndrome. OAS is caused by sensitization to cross-reactive determinants shared by various pollens and different fruits / vegetables. Well-known examples of such cross-allergenicity are: (i) birch pollen (apple, hazelnut, carrot, potato, celery, kiwi fruit, etc), (ii) mugwort pollen (celery, carrot, spices), (iii) grass pollen (melon, tomato, peanut, watermelon, orange), and (iv) ragweed pollen (melon, watermelon, banana, zucchini, cucumber). Approximately 35% of patients with such types of pollinosis show hypersensitivity to antigenically-related fruits and vegetables (9) (10) (11) (12) . Profilins (12-15 kDa) are a family of highly conserved plant pan-allergens (13) (14) (15) . The ubiquitous occurrence of profilins in distantly-related plants provides a molecular basis for the frequently observed phenomenon of cross-sensitization towards unrelated plant species in allergic patients. Profilin was first identified as an allergen in birch pollen, and has since been shown to be present as a multigene panallergen family in many plants (13) (14) (15) ; it is described as a pan-allergen, because it was shown to be recognized by the serum IgE of > 20% of pollen-allergic patients (13) (14) (15) . Profilins from tree, grass and weed pollens, many fruits and vegetables, and latex have been identified as cross-reactive allergens, and studied extensively (16) (17) (18) . Profilin binds to poly-(L-proline) (PLP) with high affinity (19) (20) (21) , a property that is exploited in the purification of many profilins (16) (17) (18) . The amino acid sequence of profilins is not very highly conserved across many phyla (protozoa, mammalian, yeast, insect, echinoderm and plant); despite this, the structure is conserved (22, 23) . Possibly connected with the sequence diversity, ubiquity, and abundance of profilins in eukaryotes is the fact that plant profilins are important cross-reactive allergens, and are identified as pan-allergens (23) . The prevalence of tomato (Solanum lycopersicum L.) allergy was estimated to range from 1.5% to 16% among food-allergic populations (24) (25) (26) (27) , and up to 39.2% among grass pollen-allergic patients (28) . Profilin from tomato fruit (14 kDa; Sola l 1) has been identified as a food allergen, and has been cloned and characterized (29, 30) . It was observed at the Allergy, Asthma and Chest Centre in Mysuru (India) that most of the allergic rhinitis and/or asthma patients (patients sensitized to pollen) had allergy to one or more raw vegetables and fruits. The major symptoms were triggering or worsening of allergic rhinitis / asthma, and OAS. Tomato, banana, cucumber, and citrus fruits were the most common offending foods. The association between grass pollen of 25 mL/h. The column was then washed with buffer A until the absorbance at 280 nm of the effluent decreased to that of the buffer. The bound profilin was eluted using buffer A containing either 30% DMSO, or 7 M urea (after washing initially with 3 M urea). Profilin-containing fractions were pooled, dialyzed, concentrated by lyophilization, and stored in aliquots at -20 °C. The purity of the purified tomato profilin was determined by SDS-PAGE and reverse-phase HPLC.
Skin prick tests
Glycerinated (50%) allergen extracts were used for SPT by following the standard procedure (33) using sterile prick lancetter (Bayer Pharmaceutical Division, Spokane, WA, USA). Affinity-purified tomato profilin was used at 100 μg/mL concentration in glycerinated PBS. Glycerinated PBS (pH 7.4) and histamine phosphate (1.4 mg/mL, equivalent to 1 mg/mL histamine base) served as negative and positive controls, respectively. The diameter of the wheal was read after 20 min. SPT was graded based on the diameter of wheal produced by a sample in comparison to that of positive control (H): 1+ (less than ½H); 2+ (equal to or greater than ½H); 3+ (equal to or greater than H); 4+ (equal to or greater than 2H). The test was considered negative if the wheal diameter was equal to or less than that of the negative control (3 mm).
Results
Demographic analysis
A panel of 246 subjects (age range: 4-80 years) who had allergic rhinitis or asthma or both, were investigated by careful case history and SPT in order to understand the prevalence of grass pollen sensitization and tomato allergy, and the relevance of tomato profilin as a cross-reactive allergen among such a population. The number of subjects in different age groups based on gender is shown in Figure 1 (panel a); nearly 70% had family history of allergy ( Figure 1, panel b) . The prevalence of clinical symptoms among the 246 subjects is shown in Figure 2 (panel a). Wheeze was most prevalent; nasal symptoms (itchy nose and rhinorrhea) and pharyngeal symptoms (cough, tightness and itching in the oropharyngeal region) were also common. Among the cutaneous symptoms, urticaria was the most common. Considering the actual respiratory disease, 66% of subjects in the study group had allergic rhinitis and 60% of them had asthma, while 43% of subjects suffered from both allergic rhinitis and asthma (Figure 2, panel b) . The demographic and clinical symptoms of allergic rhinitis / asthma patients having a history of tomato allergy (n = 74) are presented in Table I . Majority of the subjects, who had histo-A detailed case history was obtained for each subject based on a questionnaire which mainly included age, family history of allergic diseases, history and symptoms of respiratory allergy, history of food allergy, symptoms of allergy to tomato and/or any other foods, any other allergic symptoms, onset, frequency and status of symptoms, diagnostic tests undergone earlier and medications taken, if any. All procedures performed and studies involving human participants were approved by the institutional research ethics committee, and were conducted in accordance with the ethical standards established in the Declaration of Helsinki of 1946 and its later amendments or comparable ethical standards. Informed consent was obtained from all participants before enrollment in the study.
Preparation of poly-(L-proline)-Sepharose-4B affinity matrix
The preparation of activated Sepharose 4B was performed by the cyanogen bromide activation method described in the literature (32) . Briefly, 30 mL of slurry of washed agarose beads (Sepharose 4B), consisting of equal volumes of gel and water, was added to 30 mL of 2 M sodium carbonate and mixed by stirring slowly. The rate of stirring was increased and 1.5 mL of an acetonitrile solution of cyanogen bromide (2 g cyanogen bromide per mL of acetonitrile) was added all at once. The slurry was stirred vigorously for 1-2 min, after which the slurry was poured on to a sintered glass funnel, washed sequentially with 300 mL each of 0.1 M sodium bicarbonate (pH 9.5), water, and coupling buffer (0.1 M KHCO 3 , pH 8.3, containing 0.5 M KCl). The coupling of PLP was done according to the method of Lindberg et al (19) . After the last wash, the slurry was filtered under vacuum to a moist, compact cake and transferred to a plastic bottle containing the ligand solution; the ligand solution contained 100 mg of PLP (average mol. wt. 5000) dissolved in 30 mL coupling buffer. The coupling mixture was incubated at room temperature for 2 h and continued at 4 °C overnight with gentle stirring. The coupling was followed by recording the absorbance at 230 nm; after completion of the reaction, about 50-60% of PLP had bound to the matrix. Uncoupled ligand was removed by washing the gel in coupling buffer, after which the remaining active groups on Sepharose were deactivated by incubating with 0.1 M Tris-HCl buffer, pH 8.0.
Purification of tomato profilin by affinity chromatography
The purification of tomato profilin by affinity chromatography was carried out as described in the literature (20, 21) . The poly-(L-proline)-Sepharose 4B affinity matrix was packed in to a glass column (1.6 cm i.d. × 7.5 cm) and was equilibrated with buffer A (described under "Preparation of tomato extract"). Tomato extract was passed through the column at 4 °C, at a flow rate ry of adverse reactions to tomato, had experienced triggering or worsening of respiratory symptoms after eating raw tomato fruit (56%). The majority of the patients (~66%) had nasal / pharyngeal symptoms; patients with wheezing were even higher (74%). Other symptoms of allergy to tomato were OAS (28%), and rarely, skin rashes or urticaria. Other major offending foods in this study population are banana (57%), citrus fruits (40%), cucumber (32%) and eggplant (8%). homogeneity of urea-eluted tomato profilin was determined by reverse-phase HPLC analysis where it showed ~95% purity ( Figure 4, panel c) .
Studies on the relevance of tomato profilin as a cross-reactive allergen in patients with respiratory allergy
In the study group of 246 allergic rhinitis / asthma subjects, sensitization to grass pollens, tomato fruit and affinity-purified tomato profilin was determined by SPT. As high as 182 (74%) subjects showed sensitization to grass pollen extract ( Figure  5, panel a) ; sensitization to tomato fruit extract and tomato profilin was 43% and 51%, respectively. Out of 246 subjects, 95 (38%) showed positive SPT with both grass pollen mix and tomato extracts ( Figure 5, panel b) . If one considers only
Affinity purification of tomato profilin from tomato extract for SPT studies
The elution profiles of affinity chromatography of tomato fruit extract on poly-(L-proline)-Sepharose-4B carried out to purify tomato profilin are presented in Figure 3 . Two different eluants, viz., 30% DMSO (Figure 3, panel a) and 7 M urea (Figure 3, panel b) were used in separate experiments to elute the bound tomato profilin. The fractions were analyzed by SDS-PAGE, and the fractions containing the 14 kDa protein were pooled, dialyzed using 3500 MWCO dialysis membrane, and concentrated. The SDS-PAGE patterns of the affinity chromatographic eluates are shown in Figure 4 . Elution using 7 M urea yielded highly pure 14 kDa protein (Figure 3, panel  b) , whereas the DMSO eluate showed the presence of other contaminating proteins around 10, 20, and 66 kDa regions in SDS-PAGE, besides the protein band at ~14 kDa (Figure 3, panel a) . It is known that DMSO elutes both profilin and profilactin complexes, whereas 7 M urea (after the initial washing with 3 M urea) elutes profilin selectively (20) . The 
Figure 3 -Affinity chromatography of 50% w/v tomato extract (500 mL) on poly-(L-proline)-
Figure 4 -SDS-PAGE analyses of affinity-purified tomato profilin. Panel a, 15% gel (reducing
Discussion
In this study, we have evaluated the role of tomato profilin in presenting cross-reactivity with grass pollen-sensitized allergic subjects having respiratory allergy. Petersen et al (25) identified the main tomato allergens using sera from 8 subjects with high the grass-pollen sensitized subjects, the percentage of subjects reactive to tomato extract comes to ~54%. Out of the 95 subjects who showed cross-sensitization to both grass pollen and tomato extracts, 82 subjects (92% of subgroup) showed positive SPT with affinity-purified tomato profilin ( Figure 5,  panel b) . These results based on SPT indicate that cross-sensitization to grass pollen and tomato fruit is very prevalent at 38% among allergic rhinitis / asthma patients, and majority of them (92%) are sensitized to the cross-reactive panallergen, tomato profilin.
SPT studies in the subgroup of allergic rhinitis / asthma patients with a history of adverse reactions to tomato fruit
In this subgroup of 74 subjects, SPT with grass pollen mix extract, tomato fruit extract, and affinity-purified tomato profilin was positive in 84%, 67%, and 64% of subjects, respectively ( Figure 6) ; the percentage of patients giving a 2+ reaction in SPT with all the 3 extracts was higher compared to those showing 1+ or 3+ reaction. Out of 48 (65%) subjects who showed cross-sensitization to tomato fruit and grass pollen, 44 (91%) subjects showed sensitization to tomato profilin (Figure 7) . These data indicate that tomato profilin is a very important cross-sensitizing allergen among the tomato allergens in allergic rhinitis / asthma patients sensitized to grass pollen and with a history of tomato allergy. subjects and are mild. In another study of 26 patients overexposed to grass who were referred for severe food reactions, oral provocation with purified profilin resulted in a significant number of patients showing severe positive food challenge test reactions at low doses of profilin (40) . These investigators claim that profilins are complete food allergens in food-allergic patient populations that are exposed to high levels of grass pollen; this patient type constitutes an optimal model to understand the link between respiratory and food allergies. It is likely that intake through the oral mucosa might be a relevant route of exposure to food allergens.
Conclusions
The association between sensitization to pollen and allergy to raw vegetables and fruits is well established (5, (9) (10) (11) (13) (14) (15) 18) . Understanding the spectrum of cross-reactive pollen-food allergies in different populations is required for the proper diagnosis and treatment of such allergic disorders. The association between grass-pollen sensitization and allergy to tomato fruit is known from studies in Europe and Japan (24) (25) (26) 28, 30) ; however, there are no reports of such studies in the Indian population. The present study describes a preliminary investigation based on case history and SPT in a study group of 246 allergic rhinitis / asthma patients in Mysuru city, India, aimed at understanding the importance of tomato profilin as a cross-reactive allergen. Tomato profilin was purified by affinity chromatography, and was used in SPT along with tomato fruit extract and grass pollen mix extracts. The results showed that 38% of subjects had sensitization to both tomato fruit and grass pollen, out of which 92% were sensitized to tomato profilin. In the subgroup of allergic rhinitis / asthma patients with a history of adverse reaction to raw tomato fruit (32%), the result was even more pronounced, with 66% subjects showing cross-sensitization to tomato fruit and grass pollen, out of which majority of them (91%) showed positive SPT with tomato profilin. Our results clearly indicate that tomato profilin is a very important cross-sensitizing allergen in allergic rhinitis / asthma patients sensitized to grass pollen, and more so in patients with history of food allergy to tomato fruit. In conclusion, it may be advantageous to incorporate purified profilins (e.g., tomato profilin) in the routine SPT procedures for patients with respiratory allergy, and subsequently, in specific immunotherapy protocols in allergy clinics for desensitization of allergic subjects sensitized to profilin.
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